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Abstract

Background and purpose: The dose due to secondary neutrons and photons in proton therapy was estimated with Monte Carlo simula-
tions. Three existing facilities treating eye and deep-seated tumours were taken into account. The results of the calculations related to eye
proton therapy were verified with measurements.

Materials and methods: The simulations were performed with the FLUKA code. Neutron fluence was measured inside an Alderson
phantom (type ART) with activation techniques.

Results: The maximum dose due to secondaries produced in a passive beam delivery system was estimated to be of the order of 10−4 and
10−2 Gy per therapy Gy for eye and deep tumour treatments, respectively. In the case of irradiations of deep-seated tumours carried out with
an active system, the dose was of the order of 10−3 Gy per therapy Gy.

Conclusions: The dose due to secondaries depends on the geometry of the beam delivery system and on the energy of the primary beam
and is lower in the healthy tissues distant from the target volume. 1998 Elsevier Science Ireland Ltd. All rights reserved

Keywords:Proton therapy; Secondary neutron production; Monte Carlo simulations

1. Introduction

The estimate of the secondary neutron and photon dose
absorbed by a patient irradiated with protons was required in
the course of the design study, which was recently com-
pleted, of the Centro Nazionale di Adroterapia Oncologica
(CNAO, National Centre of Oncological Hadrontherapy), a
hospital-based proton and light-ion therapy facility in Italy
[4–6,9]. It should be mentioned that the recent Italian reg-
ulation of radiation protection requires a personal archive of
the global dose absorbed by patients during medical appli-
cations. The unwanted dose delivered to healthy tissues by
secondaries produced both in the structural components of
the accelerator and in the patient himself should be taken
into account in the computation of the effective dose

equivalent. This estimate could provide guidelines for the
design of the beam transport system.

The literature dealing with the photoneutron dose in con-
ventional X-ray radiation therapy is very exhaustive. The
ambient dose equivalent was estimated to be in the range of
0.1–5 mSv per prescribed Gy at 1 m from the isocentre
[2,18,25–28,33,36–38], depending on the considered accel-
erator and on the irradiation field. Moreover, the dose due to
photoneutrons produced in a soft tissue phantom irradiated
by 25 MV X-rays was estimated to be lower than 40mGy per
therapy Gy [1,19]. On the other hand, literature referring to
secondaries produced in proton therapy is scarce. Secondary
dose measurements were performed at the National Accel-
erator Centre (Faure, South Africa) [7], giving values of the
order of 10−2 Gy per therapy Gy.

The production of secondaries strongly depends on the
geometry and on the materials of the proton beam delivery
system and it is almost impossible to refer to a standard
configuration. In the present work, three different existing
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configurations were considered, namely those in use at the
proton therapy facilities of the National Accelerator Centre
(Faure, South Africa) and of the Paul Scherrer Institute (PSI,
Villigen, Switzerland) and the eye irradiation system
installed at the Centre Antoine-Lacassagne (CAL, Nice,
France). The secondary neutron and photon dose was esti-
mated with Monte Carlo simulations using the FLUKA code
[11–16]. This code transports hadrons and leptons from
thermal energies up to several TeV and treats both hadronic
and electromagnetic showers. Below 5 GeV, secondary
hadron production is performed with the intranuclear cas-
cade model, followed by pre-equilibrium emission, nuclear
evaporation/fragmentation and residual nucleus deexcita-
tion with photon emission.

A detailed computational phantom was used in the calcu-
lations related to eye irradiation while simpler models were
adopted in the simulations of deep tumour treatment. Mea-
surements of neutron fluence rates inside an Alderson phan-
tom were performed at the CAL to verify the simulation
results related to the eye irradiation.

2. Simulation features

The main characteristics of the simulation geometry are
briefly described in the following by referring separately to
the three different facilities. An exhaustive description of
the performances of the various components of beam deliv-
ery systems can be found in the literature (e.g. Refs.
[17,24,29,32,34,35]). However, it is worth mentioning that
the treatment dose can be delivered either with passive or
active systems. Passive systems are entirely based on absor-
bers, scattering foils and collimators, whose thickness and
shape are designed to provide the desired angular and
energy distribution of the beam. These devices tailor the
beam to the tumour shape by widening its angular distribu-
tion, flattening its central distribution and degrading and
modulating its energy in order to deliver the dose at the
desired depths. Collimators and boluses are used to conform
the irradiation field to the tumour volume. The energy mod-
ulation can be performed, for example, by a rotating wheel
of variable thickness called a range modulator. It is impos-
sible to reproduce the effect of such a device with a single
simulation and therefore various cases related to the differ-
ent thicknesses involved should be taken into account, thus
increasing the global CPU time. In the present work, energy
modulation was neglected, assuming that its effect on sec-
ondary neutron production is marginal, and a single thick-
ness of the material was considered to simulate the range
modulator.

On the other hand, active systems utilize deflection mag-
nets to scan the tumour normally to the beam axis. If a
synchrotron is used to accelerate protons, modulation can
be performed by continuously varying the extraction energy
[23]; otherwise a passive range modulator can be used to
deliver the dose at different depths. In this way the tumour is

subdivided into volume elements (voxels) where single spot
irradiations are carried out during the treatment. Also in this
case, the entire tumour scanning cannot be simulated in one
step and a single depth is taken into account, assuming that
the variation of the secondary neutron dose with the voxel
position inside the tumour is negligible. Secondary neutron
production should be lower with active systems because less
material is placed in the beam path. In the simulation geo-
metries described below, all spaces not covered by other
materials were filled with air.

2.1. Centre Antoine-Lacassagne (Nice, France)

A 65 MeV proton cyclotron is installed in this facility for
the treatment of eye tumours with a passive beam delivery
system on a fixed horizontal beam. The proton beam
extracted from the accelerator is completely defocused
upstream of the kapton vacuum window (1.3 mm thick),
giving rise to a Gaussian distribution. A set of collimators
select the central part of Gaussian distribution in order to
approximate a uniform beam. Therefore, a parallel uniform
beam was considered for the simulation source. The patient
is positioned on a seat supplied with a system for head
immobilization.

Fig. 1 shows a schematical view of the geometry of the
beam delivery system used in the simulations. Each ioniza-
tion chamber was simulated with two 5-mm thick mylar foils
separated by an air layer 10 mm thick. The aperture of the
patient’s collimator is 2 mm in radius according to the
tumour diameter considered in the simulation phantom
(see Section 3).

2.2. National Accelerator Centre (Faure, South Africa)

Intracranial lesions and skull base tumours are treated at
the NAC proton therapy facility with a beam delivered by a
200 MeV cyclotron. Also in this case, a passive system is
used and the beam is tailored using the dual-scattering foil
technique [17]. As already mentioned, secondary dose mea-
surements were performed at this facility [7], leading to the
adoption of additional shields (a concrete wall and a stain-
less steel ring added to the second collimator). The simula-
tion geometry considered here refers to this new
configuration. A pencil beam source of 200 MeV protons
was used. A schematical view of the NAC proton beam
delivery system is shown in Fig. 2. The first ionization
chamber was simulated with two 5-mm thick mylar foils
separated by an air gap 1 mm thick. As mentioned before,
the range modulator/degrader was assumed at a fixed thick-
ness (40 mm), which was chosen according to the depth of
the tumour in the simulation phantom (see Section 3).
Therefore, this device behaves only as a degrader in the
simulations. The two kapton windows (1 mm thick) of the
structure which contains the degrader were taken into
account.

The complex structure of the multiwire ionization cham-
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ber (MWIC) was approximated by considering a cylinder
(0.2 mm thick, radius 60 mm) filled by tungsten at a ficti-
tious density (0.69 g/cm3), which was obtained by multi-
plying the true value (19.3 g/cm3) by the ratio of the
volume of the tungsten wires to that of the chamber. This
assumption can be justified by the fact that the chamber is
very thin; otherwise it would strongly perturb the beam
optics. The two pairs of steering magnets were approxi-
mated by a single parallelepiped (700× 200 mm2, 200
mm thick) with an aperture (300× 80 mm2) at its centre.
It should be mentioned that this approximation should have
a negligible effect on secondary neutron production, while
the influence of the steering magnets on the beam optics was
not considered.

The complex geometry of the range monitor [35] was
approximated considering a ‘sandwich’ structure made of
three brass plates (20, 37 and 21 mm thick) separated by two
air gaps 3 and 9 mm thick, respectively. As mentioned
above, a stainless steel ring was added to the second colli-
mator as an additional shield [7], extending its width to 700
mm. Three cylinders with a 100 mm radius simulate the
plates of the last set of ionization chambers, i.e. the central
cylinder (125mm thick) is in aluminium and the two exter-
nal cylinders are considered to be in mylar (5mm thick). The
aperture of the patient’s personalized collimator has a radius
of 20 mm according to the tumour dimensions set in the
simulation phantom (see Section 3). The isocentre is 7 m
from the vacuum window.

2.3. Paul Scherrer Institute (Villigen, Switzerland)

An isocentric gantry is installed in the proton therapy
room at the PSI, with an active system performing a
three-dimensional conformal irradiation, delivering the
beam with the discrete spot scanning technique [29,34].
The horizontal scan, in every tumour section normal to
the beam axis, is carried out by one scanning magnet,
while the vertical direction is taken care of by moving the
patient. Depth scanning is performed using a range shifter
made of several polyethylene layers that are automatically
interposed along (or extracted from) the beam. A 200 MeV
parallel beam of protons was used as the simulation source.
The thickness of the range shifter was considered to be
fixed, thus referring to the irradiation of a single tumour
section at a determined depth. The variation of secondary
neutron production with tumour depth was assumed to be
negligible, mainly because of the low mass number of the
elements constituting the patient’s tissues. Only three moni-
tors and the range shifter interact with the beam, thus con-
tributing to secondary neutron production.

The first monitor is placed after the vacuum window and
is limited by two mylar foils (19mm thick). Between the two
foils there is an ionization chamber with two mylar plates
and an aluminium collector (all 25mm thick). The air gap
between the chamber elements is 5 mm thick. The second
beam monitor is analogous to the first one, but the plates and

the collector are separated by air layers 10 mm thick. The
third monitor is a strip chamber and was simulated with two
kapton and one mylar foils (25mm thick) separated by two
air gaps 20 mm thick. A 19-mm thick mylar foil is placed at
the end of the strip chamber. A vacuum gap limited by two
50-mm thick mylar foils is placed downstream. The last
component is the polyethylene range shifter, which is con-
sidered to be 45 mm thick according to the tumour depth of
the simulation phantom.

3. Simulation phantoms

A quite detailed computational phantom was adopted for
the eye treatment facility of the Centre Antoine-Lacassagne.
Simplified geometries properly discretized (i.e. subdivided
into cells) were considered in the other cases, as the main
aim of this work is to provide an estimate of the secondary
neutron and photon dose in healthy tissues during proton
therapy and not to give detailed information (e.g. isodose
curves) on real treatment. The phantoms are described in the
following by referring separately to the different treatments
taken into account.

3.1. Eye treatment – CAL

The computational phantom accounts for the organs that
should be mostly exposed to secondaries. Therefore, the
treated and non-treated eyes, the optical nerve sites, the
skull and the brain were taken into account. The eye and
skull dimensions were taken from Refs. [20,22]. The dis-
tance between the phantom eyes, the position and volume of
the optic nerve site and other dimensions were obtained
from a detailed analysis of CT images of the archive of
the Istituto Europeo di Oncologia (European Institute of
Oncology, Milano, Italy). The brain and skull bone compo-
sitions were taken from Ref. [22], while the eyes were simu-
lated with water. Soft tissue [22] was considered to fill the
optic nerve site.

The eye radius is 12 mm. A spherical cell (radius 2.5
mm), simulating the tumour, was placed at the centre of
the irradiated eye. The skull and the brain cells were limited
by ellipsoids, whose dimensions were taken from Ref. [20].
The major and minor axes, corresponding to the average
maximum dimensions of the skull of a European male,
were 185 and 144 mm, respectively. The skull bone was
considered to be 5 mm thick from the analysis of the CT
images mentioned above. The brain was subdivided into
two symmetric parts with respect to the median sagittal
plan in order to discriminate the region behind the irradiated
eye.

The same geometry was considered in a further set of
simulations with an Alderson phantom (type ART), which
were compared with the measurements described in Section
5. The bone composition was unchanged, while that of the
other cells corresponded to the Alderson muscle [21]. The
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brain cell was subdivided into different zones according to
the dimensions of the sections of the Alderson phantom
used in the measurements.

3.2. Deep tumour treatment – NAC and PSI

In both cases, a 300-mm thick cylindrical water phantom
with a 150 mm radius was used. In particular, the NAC
phantom was axially subdivided into cylindrical cells 10
mm thick, which in turn were radially subdivided into con-
centric rings 10 mm wide. The centre of the tumour (20 mm
thick, radius 20 mm) was placed at a depth of 70 mm.

The cylinder used in the PSI simulations was subdivided
into various disks 10 mm thick. The tumour cell was simu-
lated with a 30-mm thick cylinder with a radius of 30 mm,
whose centre was placed at a depth of 210 mm inside the
phantom. The tumour radius was 10 mm larger than that of
the source parallel beam and included the lateral penumbra.
It should be noted that this is different from a therapeutic
situation where the target region is smaller than the irradia-
tion beam section. The tumour cell was set in order to dis-
criminate the proton contribution from that of the secondary
neutrons.

4. Simulation results

Every result of the FLUKA simulations discussed below
and listed in Table 1, 2, 3 and 4 was calculated as the mean
value of the outcomes of five independent runs, each one
starting with a different random seed. The uncertainties (1j)
are only statistical and were estimated from the related
sample variances of the mean values. The results of the
simulations are discussed below, referring separately to
the considered beam delivery system configurations.

4.1. CAL

As mentioned in Section 2, the thickness of the range

modulator (16 mm) and the collimator aperture (radius 2
mm) were fixed to fit the tumour depth and radius. The first
set of simulations was performed to check these constraints.
The 85% of the proton current density (protons per cm2)
downstream from the patient’s collimator was within 2
mm from the beam axis, while the remainder was included
within 3 mm. Fig. 3 shows the simulated depth dose dis-
tribution compared with that measured at the CAL with the
same range shifter and collimator dimensions. It should be
noted that the Bragg peak maximum was at 12 mm, corre-
sponding to the centre of the simulated phantom eye.

The resulting values of the physical dose absorbed in the
different regions of the simulation phantom normalized per
therapy Gy are listed in Table 1. In particular, the total dose
(protons, neutrons and photons) and that deposited by sec-
ondary photons are given separately. It should be noted that
the dose absorbed in the tumour and in the irradiated eye are
mainly due to the proton beam. As the beam is completely
stopped in the tumour, only secondaries deliver a dose to the
remaining regions. The maximum value was found in the
optic nerve site behind the irradiated eye (1.1× 10−4 Gy per
therapy Gy). Further simulations were performed to esti-
mate the energy distribution of the neutron fluence in dif-
ferent regions inside the phantom. The resulting spectra are
characterized by almost the same behaviour below about 15
MeV. Higher energy components were observed in the trea-
ted eye and in its optic nerve site and were not scored in the
related non-treated zones. A small contribution of neutrons
above 15 MeV was also detected in the brain. These com-
ponents, due to neutrons produced in the beam delivery
system and in the treated eye, were scored with higher effi-
ciency in this zone because of its larger dimensions. The
energy distribution in the brain was found to be softer than
in the eyes and in the optic nerve sites because of neutron
slowing-down (scattering). It is likely that a larger discreti-
zation of the brain should have emphasized some differ-
ences in the sections close to the irradiated eye. It should
be pointed out that the results refer to 1.5× 107 particle
histories (about 1 week of CPU with an ALPHA Digitaly

Table 1

Dose (Gy per therapy Gy) in the simulation phantom for the eye treatment facility at the Centre Antoine-Lacassagne (Nice, France)

Region Total dose
(Gy per therapy Gy)

Relative
uncertainty

Photon dose
(Gy per therapy Gy)

Relative
uncertainty

Tumour 1a 5.4 × 10−3 – –
Irradiated eye (tumour excluded) 2.200× 10−2a 8.4 × 10−3 1.173× 10−6 2.2 × 10−1

Non-irradiated eye 3.969× 10−6b 3.4 × 10−1 1.554× 10−6 1.8 × 10−1

Brain (behind the irradiated eye) 1.919× 10−6b 6.5 × 10−2 5.038× 10−7 7.0 × 10−2

Brain (behind the non-irradiated eye) 2.130× 10−6b 8.7 × 10−2 5.864× 10−7 3.8 × 10−1

Skull 4.577× 10−6b 8.9 × 10−2 8.108× 10−7 1.1 × 10−2

Site of the optic nerve below the
irradiated eye

1.131× 10−4b 2.4 × 10−1 7.631× 10−7 3.1 × 10−1

Site of the optic nerve below the
non-irradiated eye

3.819× 10−6b 3.3 × 10−1 8.943× 10−7 2.7 × 10−1

aProtons, neutrons and photons.
bNeutrons and photons.
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workstation). A more detailed spatial discretization would
have led to an unacceptably long computing time in order to
achieve satisfactory statistics. Moreover, due to the geome-
try of the problem, the use of variance reduction techniques
would have been quite critical and the risk of introducing
biases would have been difficult to estimate.

The influence of the beam delivery system on the
absorbed dose was investigated in another set of simula-
tions, in which all the beam line components were
neglected. The energy (36 MeV) adopted for the source
proton beam corresponds to that immediately downstream
from the patient collimator (calculated in the simulation
with the complete beam delivery system), thus guaranteeing
that the Bragg peak lays within the tumour. The dose
absorbed in the different regions of the phantom (excluding
the tumour) in the configuration without the beam delivery
system was lower than 1% of the values listed in Table 1,
thus emphasizing that the secondaries produced in the irra-
diated eye give a negligible contribution to the total value.

Further simulations with the same configuration of the
beam delivery system and phantom geometry were per-
formed with the LCS code [30] for comparison. The nuclear
models used in this code in the energy region of interest of
the present work do not differ substantially from those uti-
lized in FLUKA. As far as neutron transport below 20 MeV
is concerned, LCS links to HMCNP (a modified version of
MCNP [8]) with a large set of cross-sections available (in
the present work, continuous energy cross-sections were
used), while FLUKA makes use of a discrete energy
cross-section file with 72 groups. The total (neutrons+

Table 3

Calculated (this work) and experimental [7] dose due to secondaries for the
NAC facility (see text)

Measured (on-axis) [7] Calculated (2–3 cm off-axis)
(this work)

Depth
(cm)

Secondary
dose (Gy per
therapy Gy)

Depth
(cm)

Secondary dose
(Gy per therapy Gy)

0 1.68× 10−2 0–1 (1.84± 1.45)× 10−2

0.4 2.07× 10−2

0.5 2.22× 10−2

1.0 2.15× 10−2

1.5 2.09× 10−2 1–2 (1.78± 1.61)× 10−2

2.0 1.99× 10−2

5.0 1.73× 10−2 4–5 (2.66± 1.33)× 10−2

Table 4

Total and secondary uncharged particle dose per therapy Gy (in a cylindrical tumour with a radius of 3 cm and a height of 3 cm) in the simulation phantom
for the proton therapy facility at the Paul Scherrer Institute (Villigen, Switzerland)

Depth (cm) Total dose (×102)
(Gy per therapy Gy)

Relative
uncertainty

Secondary uncharged
particle dose (×102)
(Gy per therapy Gy)

Relative
uncertainty

0–1 38.68 2.40× 10−4 0.15 1.317× 10−1

1–2 40.04 3.31× 10−4 0.18 2.124× 10−1

2–3 41.12 1.62× 10−4 0.15 3.209× 10−1

3–4 42.12 1.86× 10−4 0.14 2.505× 10−1

4–5 43.07 2.67× 10−4 0.23 2.028× 10−1

5–6 44.00 2.32× 10−4 0.25 1.237× 10−1

6–7 44.97 1.54× 10−4 0.28 7.38× 10−2

7–8 45.96 1.91× 10−4 0.33 1.281× 10−1

8–9 47.01 7.81× 10−5 0.36 1.435× 10−1

9–10 48.16 1.56× 10−4 0.38 1.198× 10−1

10–11 49.39 2.18× 10−4 0.39 1.498× 10−1

11–12 50.80 1.35× 10−4 0.48 6.71× 10−2

12–13 52.38 1.17× 10−4 0.46 9.60× 10−2

13–14 54.23 1.43× 10−4 0.50 6.93× 10−2

14–15 56.39 1.04× 10−4 0.41 8.31× 10−2

15–16 59.04 1.51× 10−4 0.48 1.37× 10−1

16–17 62.46 1.05× 10−4 0.47 2.51× 10−2

17–18 67.07 1.94× 10−4 0.39 8.71× 10−2

18–19 73.43 1.56× 10−4 0.36 1.307× 10−1

19–22 100 1.14× 10−4 0.33 1.5× 10−1

22–23 0.34 4.54× 10−3 0.34 4.54× 10−3

23–24 0.31 8.89× 10−3 0.31 8.89× 10−3

24–25 0.29 1.06× 10−2 0.29 1.06× 10−2

25–26 0.27 6.92× 10−3 0.27 6.92× 10−3

26–27 0.25 3.61× 10−3 0.25 3.61× 10−3

27–28 0.23 9.63× 10−3 0.23 9.63× 10−3

28–29 0.22 5.02× 10−3 0.22 5.02× 10−3

29–30 0.20 9.49× 10−3 0.20 9.49× 10−3
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photons) dose absorbed in the part of the brain behind the
non-irradiated and the irradiated eye was (1.94±
0.14)× 10−6 Gy per therapy Gy (FLUKA (2.13 ±
0.18)× 10−6 Gy per therapy Gy) and (1.39± 0.14) × 10−6

Gy per therapy Gy (FLUKA (1.92± 0.12) × 10−6 Gy per
therapy Gy), respectively. In the LCS calculations, the neu-

tron component was only scored below 20 MeV. The agree-
ment with the FLUKA results is satisfactory for the part of
the brain behind the non-treated eye, while for the treated
eye, the difference may be explained by the contribution of
neutrons above 20 MeV.

Finally, a set of simulations was performed to investigate

Fig. 1. Schematical view of the simulation geometry of the beam delivery system at the CAL (not to scale). Dimensions are in mm.
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the influence of the various components of the beam deliv-
ery system on secondary neutron production. The neutron
current (i.e. the number of particles crossing a surface) was
scored on a fictitious sphere with a radius of 14 m containing
the whole beam delivery system. Starting from the vacuum
window, each component was added downstream in a series

of separate simulations. The energy distribution of the pro-
duced neutrons is shown in Fig. 4. The component below 10
keV was neglected in curve (a) because it represents a very
low contribution and the related statistics were poor. It
should be noted that the first collimator (curve (c), Fig. 4)
slightly increases the neutron component between 100 keV

Fig. 2. Schematical view of the simulation geometry of the beam delivery system at the NAC (not to scale). Dimensions are in mm.
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and 5 MeV. This component is further increased when the
pair of collimators in the second stainless steel box are
added (curve (d), Fig. 4). As expected, no differences are
observed when the ionization chambers are considered
(curve (e), Fig. 4). The patient’s collimator gives a further
low contribution to the energy interval (100 keV–5 MeV)

(curve (f), Fig. 4). As was expected, the components made
of heavier materials and/or with large thickness are mainly
responsible for secondary neutron production.

The simulations referring to the Alderson phantom used
in the measurements are described in Section 5.

4.2. NAC

Also in this case, the first set of simulations was per-
formed to check the position of the Bragg peak with respect
to the tumour volume together with the lateral distribution
of the proton beam before it impinges on the phantom. In
particular, a flat lateral distribution was observed within the
aperture of the patient’s collimator, thus confirming that the
effect of the dual foil scattering system was simulated cor-
rectly and that the approximations in the structure of some
components of the beam delivery system (Section 2) have a
small effect on the beam shaping.

The total dose values per therapy Gy are listed in Table 2.
It should be pointed out that the dose up to a depth of about
10 cm and up to a radius of about 4 cm is mainly due to
primary protons. In particular, the lateral penumbra is
included in the region between 2 and 4 cm, but its extension

Fig. 3. Calculated and measured depth dose distributions of protons in the
configuration adopted for the eye treatment system at the CAL.

Fig. 4. Energy distributions of secondary neutrons produced in the various structural components of the nozzle at the CAL. (a) Vacuum window;
(b) = (a) + range shifter; (c) = (b)+ first collimator; (d) = (c)+ two collimators; (e) = (d)+ ionization chambers; (f) = (e)+ patient’s personalized collimator.
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cannot be estimated with precision because of the spatial
discretization of the phantom. Outside this region, where
neutrons are slowed down and the contribution of protons
tends to zero, the dose is within 10−3–10−5 Gy per therapy
Gy. It should be emphasized that the uncertainty of the
calculated dose in the interval of 9–30 cm (depth) and
within 5 cm (radius) is large and therefore this value has
to be considered as merely indicative. More accurate results
would have required the use of variance reduction techni-
ques, with the risk of introducing biases which would have
been difficult to estimate.

A second simulation was performed by switching off
neutron and photon production in order to estimate the con-
tribution of the secondaries by subtraction. Results of sec-
ondary neutron measurements with a tissue equivalent
proportional counter (TEPC) in a solid nylon phantom are
given in Ref. [7]. In that work, the patient’s collimator
aperture was blocked with a brass plug to completely stop
the proton beam and measure only the neutron component.
The difference between the total dose and the proton dose
estimated at various depths of the simulation phantom and
within 2 and 3 cm off-axis are listed in Table 3 together with
the experimental data of Ref. [7]. The radial interval of 2–3
cm was chosen for the simulation because it is shadowed by
the patient’s collimator and it can be compared with the
experimental situation with the beam aperture blocked.
The difference between the two situations is given by the
additional contribution to neutron production of the central
part of the blocked collimator. As the most energetic neu-
trons produced in the collimator are forward directed, the
dose absorbed in the phantom in the central part of the
collimator should be comparable to that absorbed 2–3 cm
off-axis. The simulation data listed in Table 3 are normal-

ized to the beam intensity of 15 nA at the beam line
entrance, corresponding to a dose rate of 3 Gy min−1 speci-
fied at the entrance plateau of the unmodulated beam at a
depth of 5 cm in water [7]. This normalization was adopted
to match the results of Ref. [7] and is different from that
used in Table 2, where the dose scored in a cylindrical
tumour (radius 2 cm, thickness 2 cm) was taken into
account. It should be noted that the uncertainties of the
simulation results listed in Table 3 are quite large because
they refer to differences between close values (the proton
dose is about 100 larger than the neutron dose), character-
ized by errors lower than 2%.

The doses calculated in the regions behind the patient’s
collimator (2–3 cm off-axis) are of the same order of mag-
nitude (10−2 Gy per therapy Gy) of those measured in Ref.
[7], referring to the configuration without additional shield-
ing. By contrast, the simulated results in the regions above 3
cm off-axis are substantially lower (up to a factor 102) than
those measured at the NAC (of the order of 10−2 Gy per
therapy Gy, Table 2 of Ref. [7]) from 15 to 120 cm off-
axis. This difference should be explained by the effect of the
additional shields recently added at the NAC that, as men-
tioned above, were taken into account in the simulations of
the present work. In the regions close to the beam axis, the
secondary uncharged particle dose is mainly ruled by neu-
trons produced in the patient’s collimator.

4.3. PSI

The total dose absorbed in the various regions of the
phantom, normalized to 1 therapy Gy, are listed in Table
4. Also in this case, an additional simulation was performed
by switching off neutron and photon production in order to

Table 5

Calculated and measured neutron fluence rates inside the Alderson phantom head irradiated at the CALa

Alderson phantom
section

Energy Calculated fluence
rate (cm−2/s)

Fluence
rate (cm−2/s)

Absolute counting
uncertainty

Absolute normali-
zation uncertainty

0–1b ,0.4 eV (9.18± 1.82)× 103 8.26× 103 1.89× 102 6.21× 102

0–1b 0.4 eV–10 keV (3.92± 0.31)× 103 3.15× 103 1.68× 102 2.36× 102

0–1c ,0.4 eV (9.61± 0.91)× 103 8.23× 103 1.89× 102 6.25× 102

0–1c 0.4 eV–10 keV (6.48± 0.34)× 103 3.66× 103 2.34× 102 2.81× 102

1–2b ,0.4 eV (1.280± 0.19)× 104 1.092× 104 2.16× 102 7.16× 102

1–2b 0.4 eV–10 keV (5.51± 0.26)× 103 3.10× 103 1.92× 102 2.27× 102

1–2c ,0.4 eV (1.65± 0.13)× 104 9.60× 103 2.24× 102 8.21× 102

1–2c 0.4 eV–10 keV (6.76± 0.26)× 103 2.39× 103 1.89× 102 2.15× 102

2–3b ,0.4 eV (1.300± 0.103)× 104 1.160× 104 2.25× 102 8.28× 102

2–3b 0.4 eV–10 keV (5.16± 0.28)× 103 3.17× 103 2.15× 102 2.93× 102

2–3c ,0.4 eV (1.620± 0.034)× 104 1.331× 104 2.44× 102 8.85× 102

2–3c 0.4 eV–10 keV (5.90± 0.31)× 103 2.36× 103 2.06× 102 1.84× 102

3–4b ,0.4 eV (9.12± 1.11)× 103 9.86× 103 2.07× 102 6.86× 102

3–4b 0.4 eV–10 keV (5.41± 0.27)× 103 2.60× 103 2.15× 102 8.29× 102

3–4c ,0.4 eV (1.514± 0.233)× 104 8.53× 103 1.90× 102 6.79× 102

3–4c 0.4 eV–10 keV (5.97± 0.36)× 103 4.98× 103 2.59× 102 4.05× 102

aThe measurement positions were between two contiguous sections of the head of the Alderson phantom. Section 0 is at the top of the skull and each section
is 2.5 cm thick.
bRegions behind the non-irradiated eye.
cRegions behind the irradiated eye.
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separate the contribution of secondary neutrons and pho-
tons. The differences between the results of the simulations
are listed in Table 4. It should be noted that the uncertainties
are lower than those related to the NAC because the PSI
simulation geometry was less complex and almost all the
source particles interacted with the phantom.

The secondary dose is in the range (1–5)× 10−3 Gy per
therapy Gy, which is one order of magnitude lower than
that estimated downstream from the NAC patient’s collima-
tor, thus confirming the lower neutron production in ac-
tive beam delivery systems. The secondary photon dose
was estimated to be about one tenth of the total (neu-
trons+ photons) value. It should be noted that the second-
ary dose is characterized by a build-up effect showing a
maximum value at a depth of about 17 cm. This behaviour
is also reported in Ref. [7], although the maximum value
was measured at 5 mm. It should be emphasized that these
configurations cannot be compared because the PSI active
system is only slightly influenced by its components (beam
monitors) and the secondary neutrons are mainly produced
inside the phantom, while in the case of the NAC passive
beam delivery system, the secondary dose is likely to be
dominated by neutrons generated in the last collimator.
The build-up peak characterizing the absorption of the neu-
tron dose corresponds to the point where the particle equili-
brium of the recoil protons is achieved [7].

5. Experimental

The neutron fluence rate inside an Alderson phantom was
measured at the eye treatment facility of the Centre Antoine-
Lacassagne (Nice). In particular, the eye of the phantom was
centred on the beam axis and a 16.5-mm thick perspex
absorber was placed in the beam delivery system in order
to position the Bragg peak at a depth of 12 mm according to
the simulation geometry (Section 3). Fig. 3 shows the dose
depth distribution measured at the CAL in the experimental
configuration. An unmodulated beam was used and the
radius of the aperture of the patient’s personalized collima-
tor was 2.5 mm. A set of simulations was performed with
FLUKA by further subdividing the phantom brain cells
according to the dimensions of the Alderson sections. All
materials (skull bone excluded) were substituted with the
Alderson muscle [21]. The measurement positions were
between two contiguous sections of the head of the Alder-
son phantom. In particular, section n. 0 is at the top of the
skull and each section is 2.5 cm thick. The walls of the
treatment room were considered in this set of simulations
in which the thermal and epithermal fluences were scored in
each section of the phantom.

The thermal and epithermal (0.4 eV–10 keV) fluence
rates in various positions inside the Alderson phantom
head were measured with bare and cadmium-covered
indium foils. The activity of the irradiated foils was mea-
sured with a 2× 2" NaI(Tl) scintillator. A BF3 proportional

counter was placed at a fixed position to control the re-
producibility of the irradiation conditions. Six indium
foils were symmetrically placed in each phantom section
with respect to the median sagittal plane. In this way, two
pairs of three foils were behind the irradiated and non-irra-
diated eye. The results of the simulations and of the mea-
surements (together with the related 1j counting and
normalization uncertainties) are listed in Table 5. As the
simulations referred to the fluence averaged in each half of
the phantom section, the experimental results in Table 5 are
averaged over the fluences obtained from each set of three
foils.

The normalization uncertainties were estimated by
assuming a uniform probability for every source of bias
[10] and their joint probability distribution was assessed
with the Monte Carlo method (sampling random numbers
in the interval within each bias is limited) following the
procedure described in Ref. [3]. This method was adopted
as the number of measured positions and the long irradiation
times (about 1 h for each Alderson phantom section) did not
permit repeated measurements. The normalization uncer-
tainty sources considered were as follows: (i) NaI scintilla-
tor peak efficiency, which was estimated with MCNP
simulations. The random number interval is limited by the
value calculated with the indium foil strictly contiguous to
the aluminium cover of the scintillator and by that with the
foil at a distance of 1 mm; (ii) thermal flux depression
factor, which was estimated with Monte Carlo simulations.
The random number interval is limited by the values esti-
mated for the thinner and the thicker foils used in the mea-
surements; (iii) epithermal flux depression factor, which
was estimated with Monte Carlo simulations performed
with both the MCNP and FLUKA codes. In particular, as
only neutron dosimetry cross-sections were available for
indium in the adopted MCNP libraries, the infinitely thin
target reaction rate was calculated with MCNP in the Alder-
son phantom (using the energy distribution of curve (f) in
Fig. 4 as the neutron source) and those related to the thicker
and the thinner targets used in the measurements were esti-
mated with FLUKA; (iv) foil weight, an uncertainty of 1
LSB (least significative bit) was given, as a digital scale was
used; (v)

jeff =
�10 keV

0:4 eV
j(E)F(E)dE

��10 keV

0:4 eV
F(E)dE

wherej(E) is the indium absorption cross-section andF(E)
is the neutron fluence inside the phantom. This effective
cross-section was estimated with MCNP simulations as
the ratio of the infinitely thin target reaction rate to the
fluence rate in the Alderson phantom between 0.4 eV and
10 keV; (vi) cadmium correction factorFCd, which was
estimated from Ref. [31]. The random number interval is
limited by the values estimated for the thinner and thicker
foils used in the measurements; (vii) a further uncertainty
of 5% was conservatively assigned to the recorded counts
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to account for other sources of bias (such as foil position-
ing, irradiation and waiting time) which, even when
affected by low individual uncertainties, can jointly influ-
ence the result.

Further measurements were performed with a collimator
with a radius of 5 mm, but no significant difference was
observed in the resulting fluence rates.

6. Discussion and conclusions

The dose due to the secondaries was estimated for proton
treatments of the eye and of deep-seated tumours. Gener-
ally, its contribution is lower in the healthy tissues not inter-
ested by the beam and/or distant from the target volume.
The dose due to secondary uncharged particles depends on
the materials and the geometry of the components of the
beam delivery system, but it is also related to the energy of
the primary proton beam, as it was found to be larger for the
scanned proton beam (PSI) used for treating deep-seated
tumours than for the passive beam delivery system related
to the eye treatment (CAL). It should be pointed out that the
present work refers only to the physical dose and does not
take into account the RBEs.

If a treatment dose of 60 Gy was considered for the eye
tumours, the maximum contribution (6.8 mGy) of the
secondaries was found in the optic nerve site behind the
irradiated eye, while about 0.12 mGy was absorbed in the
brain. In the case of deep tumour treatments with a passive
beam delivery system, the contribution of the secondaries
was estimated to be of the order of 1 Gy (for a treatment
dose of 60 Gy) in the regions immediately downstream from
the patient’s personalized collimator and in the volume
directly irradiated by the proton beam and its penumbra.
The dose is due to fast neutrons (above 1 MeV) produced
in the collimator and in the patient. Outside these regions,
where neutrons are slowed down, the dose is about 6 mGy.
In the case of deep tumour treatments by an active beam
delivery system, the maximum dose in the regions irradiated
by the beam and its penumbra is 0.3 Gy (for 60 therapy
Gy).

The agreement of the simulated neutron fluence rate
inside the head of an Alderson phantom with measurements
performed at the eye treatment facility of the Centre
Antoine-Lacassagne is satisfactory. As thermal and epither-
mal fluences were scored in the same run in which the doses
in the phantom were calculated, this agreement can be con-
sidered as an indicator of the accuracy of the simulation
results related to the CAL. The secondary dose calculated
in the phantom regions downstream from the patient’s per-
sonalized collimator for the NAC configuration were found
to be consistent with the measurements of Ref. [7]. In the
regions off-axis not shadowed by the patient’s collimator,
the secondary dose was about 100 times lower than that
measured in Ref. [7], thus confirming the effect of the shield
recently added at the NAC.
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